Nickel was doped into Li 3 VO 4 (Ni-LVO) successfully via a facile room temperature reaction, and the resulting Ni-LVO nanocrystallites showed excellent lithium-ion storage properties with a capacity of 650 mAh g − 1 at 50 mAh g − 1 and excellent capacity stability as an anode in lithium-ion batteries, maintaining nearly 100% of the initial reversible capacity after 800 cycles at 1 A g − 1 . The superior electrochemical properties arose largely from the nickel doping in the Ni-LVO. The surface energy of the electrode material was analyzed by an inverse gas chromatography method, and the Ni-LVO surface energy, 43.91 mJ m − 2 , was much higher than the 30.74 mJ m − 2 of Li 3 VO 4 . X-ray photoelectron spectra results demonstrated that nickel doping promoted the formation of tetravalent vanadium ions, V 4+ , as well as a more amorphous surface of Li 3 VO 4 , thus probably resulting in more nucleation sites for the phase transformation and reduced activation energy of the redox reactions and phase transition during the lithium-ion intercalation/extraction processes. NPG Asia Materials (2016) 8, e287; doi:10.1038/am.2016.95; published online 22 July 2016 INTRODUCTION Li 3 VO 4 (LVO), whose structure consists of corner-sharing VO 4 and LiO 4 tetrahedra, has been studied as a promising anode material for lithium-ion batteries. 1,2 It possesses several advantages over other anode materials. First, LVO has a small structural and volume change during lithiation/delithiation processes, thus resulting in good cyclic durability. 3 Second, it has high ionic conductivity (~10 − 4 S cm − 1 ), which facilitates the effective diffusion of lithium ions in bulk. 4 Third, compared with Li 4 Ti 5 O 12 , LVO can intercalate lithium ions in a low-voltage region (between 0.5 and 1.0 V vs Li/Li + ), thus eventually offering a high full cell energy density and maintaining good safety. 3, 5 Finally, the hollow, lantern-like, three-dimensional structure of LVO crystal provides many empty sites to accommodate lithium ions and serves as lithium ion insertion channels. Theoretical calculations indicate that the inserted lithium ions have two different Wyckoff sites, which are stably occupied by three external lithium ions corresponding to a theoretical capacity of 591 mAh g − 1 when discharged to 0.01 V vs Li/Li + . 6 Despite these advantages, LVO suffers from low electrical conductivity, which may cause large polarization and poor rate capability. Hybridization with carbon materials such as graphite, 7,8 carbon nanotubes 9 and graphene 10,11 and reduction of the LVO particle size have been proven to be effective ways to enhance electrical conductivity and abate polarization. For example, carbon-encapsulated LVO nanoparticles synthesized by a simple solid-state method exhibit excellent rate capability and long cycling performance. 1 In addition, defects introduced by doping, thermal treatment at an inert or
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Li 3 VO 4 (LVO), whose structure consists of corner-sharing VO 4 and LiO 4 tetrahedra, has been studied as a promising anode material for lithium-ion batteries. 1,2 It possesses several advantages over other anode materials. First, LVO has a small structural and volume change during lithiation/delithiation processes, thus resulting in good cyclic durability. 3 Second, it has high ionic conductivity (~10 − 4 S cm − 1 ), which facilitates the effective diffusion of lithium ions in bulk. 4 Third, compared with Li 4 Ti 5 O 12 , LVO can intercalate lithium ions in a low-voltage region (between 0.5 and 1.0 V vs Li/Li + ), thus eventually offering a high full cell energy density and maintaining good safety. 3, 5 Finally, the hollow, lantern-like, three-dimensional structure of LVO crystal provides many empty sites to accommodate lithium ions and serves as lithium ion insertion channels. Theoretical calculations indicate that the inserted lithium ions have two different Wyckoff sites, which are stably occupied by three external lithium ions corresponding to a theoretical capacity of 591 mAh g − 1 when discharged to 0.01 V vs Li/Li + . 6 Despite these advantages, LVO suffers from low electrical conductivity, which may cause large polarization and poor rate capability. Hybridization with carbon materials such as graphite, 7, 8 carbon nanotubes 9 and graphene 10, 11 and reduction of the LVO particle size have been proven to be effective ways to enhance electrical conductivity and abate polarization. For example, carbon-encapsulated LVO nanoparticles synthesized by a simple solid-state method exhibit excellent rate capability and long cycling performance. 1 In addition, defects introduced by doping, thermal treatment at an inert or reducing atmosphere, and control of synthesis methods may also affect the chemical composition, lattice distortion and the crystal field, thus eventually improving the electrochemical performance of the materials. 12 Yang and co-workers group have found that the amorphous and oxygen-deficient surface of LVO enhances chargetransfer kinetics, thus resulting in great improvements in reversible capacity. 13 Nickel doping into metal oxides is one effective strategy for improving the electrochemical insertion process, offering electric stability and mitigating Jahn-Teller distortion. 14 In this paper, nickel was introduced into LVO to investigate its effects on the structure and electrochemical performance of LVO. An inverse gas chromatography method 15, 16 was first used to identify the effects of nickel doping on the surface energy, and it was found that the resultant nickel-doped LVO (Ni-LVO) exhibited high surface energy and capability of 650 mA g − 1 at 50 mA g − 1 . At 2 and 4 A g − 1 , it maintained a reversible capability of 267 and 191 mAh g − 1 , respectively. After 800 cycles at 1 A g − 1 , the nickel-doped LVO material was able to deliver nearly 100% capacity retention.
EXPERIMENTAL PROCEDURES Material synthesis and characterization
A total of 10 mmol LiOH·H 2 O was dissolved in water by stirring and denoted solution A. A total of 1.67 mmol V 2 O 5 and 2.5 mmol Ni(NO 3 ) 2 ·6H 2 O were dispersed in ethanol by sonication for 20 min and denoted solution B. The volume ratio of solution B to solution A was 3:1. Solution A was then slowly added into solution B. The mixture was stirred for 5 h at room temperature (~20°C). The Ni-LVO sample was synthesized after being dried at 60°C for 12 h. The white LVO without nickel doping was also prepared under the same conditions.
The phases of the samples were tested by X-ray diffraction (MXP21 VAHF) using the Cu K α radiation (λ = 1.5418 Å). The morphologies of the samples were characterized by field-emission scanning electron microscopy (SU8020) and transmission electron microscopy (JEOL JEM-2010). The surface area was measured by N 2 adsorption-desorption analyses (ASAP 2020 HD88). X-ray photoelectron spectra were collected on an X-ray photoelectron spectrometer (ESCALAB 250Xi) using the C 1 s photoelectron peak at 284.6 eV as the reference.
The surface energy of the samples was measured with an inverse gas chromatography Surface Energy Analyser (SEA, Surface Measurement Systems Ltd., London, UK). The columns were pretreated at 120°C for 3 h under a helium flow before any measurements were taken. Experiments were carried out at a column temperature of 25°C. Helium was used as carrier gas with a flow rate of 25 ml min − 1 . For the dispersive surface energy, the probes were n-hexane, n-heptane, n-octane and n-nonane. Methane was used as a dead time probe. The retention times (τ) were the averages of two injections and were determined by the Conder and Young method. The fractional surface coverage was 0.05 for both LVO and Ni-LVO samples. The dispersive surface energy was calculated using the Schultz method. For acid-base surface energy determination, mono-polar probes, dichloromethane and ethylacetate were also injected; however, no elution was detected, owing to strong interaction of these probes with the analyzed materials.
Electrochemical characterization
Electrochemical performance was evaluated with standard CR2032 coin cells. The working electrode was bladed on Cu foil with 75 wt% of active material, 20 wt% of acetylene black and 5 wt% of sodium carboxymethyl cellulose as a binder. The active material loading was~1 mg cm − 2 . The electrode was then dried at 120°C for 12 h. The separator was NKK TF4840, and the electrolyte was 1 M LiPF 6 solution in ethylene carbonate (EC)/dimethyl carbonate (DMC) (EC/DMC = 1:1 in volume). Li metal was used as the counter and reference electrode. All cells were assembled in a glove box filled with water and oxygen o0.1 p.p.m. The galvanostatic discharging/charging curves were evaluated with a LAND (Wuhan, China) automatic battery tester. Electrochemical impedance spectroscopy and cyclic voltammetry were measured with a Solartron Instrument. The frequency of the electrochemical impedance spectroscopy measurement ranged from 100 kHz to 0.1 Hz.
RESULTS AND DISCUSSION
Ni-LVO was synthesized in a mixture of water and ethanol through the room-temperature method. During the synthesis, the yellow solution quickly changed to white. The pale yellow Ni-LVO sample was collected after being dried at 60°C for 12 h. The white LVO without nickel doping was also prepared under the same conditions. In this method, ethanol has an important role in the resulting LVO phase; without ethanol, only a homogeneous yellow solution was High surface energy and Li-ion intercalation properties of Ni-LVO C Zhang et al generated. Figure 1a shows the X-ray diffraction patterns of the samples. Both samples exhibited crystals in the pure LVO orthorhombic phase (JCPDS No. 38-1247) with comparable crystallinity and without any detectable secondary or parasitic phase. LVO was obtained at room temperature without the use of organic ligands or surfactants. Nickel doping did not introduce any impurities into the Ni-LVO sample. Energy dispersive X-ray spectroscopy confirmed that the nickel was homogeneously distributed throughout the entire LVO crystals, thus suggesting that nickel was incorporated into the LVO crystal lattice (Supplementary Figure S1) . The elemental mapping images in Supplementary Figure S1 display the existence and distribution of V, O and Ni elements, indicating that nickel was distributed uniformly in the Ni-LVO sample. The Ni/V molar ratio was 8.4%, which was similar to the value (8.9%) provided by X-ray photoelectron spectra. The higher Ni/V ratio compared with that of the raw material (7.5%) showed that more doped nickel was distributed on the outer layer of Ni-LVO. The grain sizes were 24.5 and 21.8 nm for the LVO and Ni-LVO samples, respectively, as calculated using the Debye-Scherrer equation based on the X-ray diffraction (111) patterns shown in Figure 1a . The crystallinity was 52.2% and 43.8% for LVO and Ni-LVO samples, respectively, suggesting that the presence of nickel not only promoted the initial nucleation but also retarded subsequent crystal growth. Low crystallization has been shown to accelerate the lithium ion interaction in the bulk. 17, 18 The lattice constants calculated from the X-ray diffraction results were a = 5.454, b = 6.322 and c = 4.954 Å for pristine LVO and a = 5.543, b = 6.323 and c = 4.965 Å for Ni-LVO. The change in lattice constants could be derived from the larger radius of Ni 2+ (0.69 Å) than V 5+ (0.54 Å), thus suggesting the incorporation of nickel into the LVO crystal structure.
The surface composition and the valence states of the elements were characterized by X-ray photoelectron spectra. Figures 1b,c show the V 2p 3/2 and Ni 2p X-ray photoelectron spectra spectra of LVO and Ni-LVO samples. The peaks at 517.2 and 516.1 eV were ascribed to V in the pentavalent state (V 5+ ) and tetravalent state (V 4+ ), respectively. From the relative areas of the V 5+ and V 4+ contributions, the molar ratio of V 4 /V 5+ was estimated to be 8.4% for the Ni-LVO, which is 1.5 times that (5.6%) of LVO. Therefore, nickel doping promoted the formation of low-valence-state vanadium in the Ni-LVO sample. When one pentavalent vanadium ion was substituted with a divalent nickel ion in Ni-LVO, one-and-half oxygen vacancies formed to attain electroneutrality. Oxygen vacancies arising from the need to maintain electroneutrality when V 5+ reduces to V 4+ might serve as nucleation centers for phase transformation during lithium ion intercalation/ deintercalation processes, as has been confirmed in other nickel-doped materials. 14, 19 For the Ni-LVO sample in Figure 1d , the two peaks at 856.1 eV (Ni 2p 1/2 ) and 862.2 eV (Ni 2p 3/2 ) are associated with the divalent nickel ions in Ni(II) oxide. 20 Oxygen vacancies must compensate for the low-valent state of divalent nickel ions taking place at the substitutional sites in the LVO lattice.
The scanning electron microscopy and transmission electron microscopy images in Figure 2 present the morphologies of the LVO and Ni-LVO samples. The transmission electron microscopy image in Figure 2c shows that the Ni-LVO had many small nanocrystallites in the range of 25-60 nm, and many nanocrystallites aggregated into large particles. From the scanning electron microscopy images (Figures 2a,b) , both the synthesized LVO and Ni-LVO showed large particle sizes (~50-180 nm), corresponding to the nitrogen adsorption/desorption results, and the Ni-LVO had slightly smaller particle sizes than the LVO. The transmission electron microscopy image of Ni-LVO in Figure 2d shows a lattice space of 0.55 nm, which High surface energy and Li-ion intercalation properties of Ni-LVO C Zhang et al was identified as the (100) face. Figure 3 shows the curves of the nitrogen adsorption/desorption isotherm of the LVO and Ni-LVO samples. They all exhibited the typical III isotherm with a distinct hysteresis loop. The specific surface areas were calculated to be 40.5 and 44.2 m 2 g − 1 for the LVO and Ni-LVO samples, respectively. Nitrogen adsorption/desorption analyses revealed that the average particle sizes of LVO and Ni-LVO samples were 148.1 and 135.8 nm, respectively, corresponding to the scanning electron microscopy image results, which were much larger than the grain sizes, thus suggesting that both the LVO and Ni-LVO nanocrystals synthesized at low temperatures formed large aggregates. The smaller particle size and larger surface area of Ni-LVO might increase the interface of the material and electrolyte and facilitate lithium ion transport.
The surface energies of the samples was measured with an inverse gas chromatography method. n-Hexane, n-heptane, n-octane and n-nonane were used as probes to measure the dispersive surface energy. The dispersive surface energy was calculated using the Schultz method. 16, [21] [22] [23] Briefly, the retention of a gas probe molecule is quantified by the net retention volume, V n , defined as the amount of 
where R is the gas constant, T is the absolute column temperature and K is a constant dependent on the chosen reference state. ΔG a can also be determined by the work of adhesion (W A ) between the vapor probe and the solid stationary phase per unit surface area: 24
where N is Avogadro's number and a is the surface area of an adsorbed probe molecule. When only dispersive interaction occurs between the sample and probe, earlier studies have found that W A is equal to twice the geometric mean of the dispersive components of the surface energy of the liquid (g 
A combination of equations (1-3) leads to the statement
Thus, the dispersive surface energy may be estimated from the slope of the linear fit of RTln(V n ) as a function of a (g d l ) 0.5 . As shown in Figure 4 , the plots of RTln(V n ) against a(g d l ) 0.5 of LVO and Ni-LVO samples were linear. According to the linear fit, the dispersive surface energy was calculated to be 30.7 and 43.9 mJ m − 2 for LVO and Ni-LVO samples, respectively. The enhanced surface energy of Ni-LVO may have occurred because nickel doping induced more amorphousness and defects at the surface. The surface energy of LVO materials in our work was lower than that of other metal oxides, such as CaO (79.0 mJ m − 2 ), 26 MgO (74.2 mJ m − 2 ) 26 and ZnO (85.1 mJ m − 2 ) 27 because of different test temperatures. Figure 5a shows the galvanostatic discharge and charge curves of the LVO and Ni-LVO electrodes at the current density of 200 mA g − 1 ; the discharge capacity of the Ni-LVO was 535 mAh g − 1 , which was much higher than that of LVO (377 mAh g − 1 ). From the flat charge/ discharge difference of the electrodes, the Ni-LVO had lower polarization than the LVO. The lower polarization may have resulted from the nickel doping onto the LVO in the Ni-LVO sample. High surface energy and Li-ion intercalation properties of Ni-LVO C Zhang et al Figure 5b shows the cyclic voltammetry curves of the electrodes for the second cycles at 0.2 mV s − 1 . For the LVO electrode, two reduction peaks were found at 0.54 and 0.81 V, which were attributed to the insertion of Li + into LVO, and two oxidation peaks at 1.12 and 1.33 V correspond to the oxidation of LVO. For the Ni-LVO electrode, two pairs of redox peaks appeared at 0.57/1.09 V and 0.82/1.32 V. The polarization of the cathode in the charge/discharge process could be restrained effectively, as confirmed in Figure 5a ; the potential offsets between the oxidative peak and reductive peak of nickel-doped LVO material were only 0.52 and 0.5 V, markedly lower than the offset for pure LVO (0.58 and 0.52 V).
Electrochemical impedance spectroscopy measurement was carried out between 100 kHz and 0.1 Hz at 2.68 V vs Li/Li + . The Nyquist plots ( Figure 6 ) showed that the charge transfer resistance (R ct ) of Ni-LVO (62 Ω) was smaller than that of the pristine LVO (95 Ω). The improved conductivity of Ni-LVO is probably the result of the presence of lower-valence vanadium ions (V 4+ ) within Ni-LVO. [28] [29] [30] As shown in Table 1 , the lithium diffusion coefficients (D) calculated by the Nyquist data below 1.0 Hz were 1.49 × 10 − 15 and 2.02 × 10 − 15 cm 2 s − 1 for the LVO and Ni-LVO electrodes, respectively, thus suggesting that the Ni-LVO electrode has faster kinetics for lithium ion insertion/extraction. These results indicate that the Ni-LVO presents smaller charge transfer resistance and a higher lithium diffusion coefficient than LVO, which are favorable for improving the lithium ion storage and are consistent with the electrochemical results discussed previously.
The electrochemical performance of both LVO and Ni-LVO samples were measured between 0.01 and 3.0 V vs Li/Li + at different current densities, ranging from 50 to 4000 mA g − 1 . In Figure 7a , both LVO and Ni-LVO displayed much larger discharge capacity during the first cycle at the current density of 50 mA g − 1 ; the second discharge capacity of the electrode was lower than the initial discharge, and the large, irreversible capacity was attributed to the formation of the solid electrolyte interface film. At 50 mA g − 1 , the discharge capacities for LVO and Ni-LVO electrodes were higher than the theoretical value (591 mAh g − 1 ). The extra capacity at low potential may be related to the decomposition of the electrolyte upon reduction with the formation of a gel-like polymeric film 31 and interfacial storage, 32, 33 which has also been observed in other anode materials such as SnO 2 , 34 CoO 35 and CoS x . 36 The capacity of the LVO electrode decreased rapidly at 50 mA g − 1 . The Ni-LVO electrode exhibited higher capacity than the bare LVO electrode. The discharge capacities of the Ni-LVO electrode werẽ 595, 535, 441, 338, 267 and 191 mAh g − 1 at current densities of 100, 200, 500, 1000, 2000 and 4000 mA g − 1 , respectively. For the LVO electrode, the capacities were found to be only 447, 372, 286, 208, 132 and 79 mAh g − 1 at the corresponding current densities. When the current density returned to 50 mA g − 1 , the capacity of the Ni-LVO was still 576 mAh g − 1 , but it decreased to 342 mAh g − 1 for the LVO. The second discharge capacity of the electrode was lower than the initial discharge, resulting from the formation of the solid electrolyte interface film. Figure 7b shows the cycling stability of LVO and Ni-LVO electrodes at 1 A g − 1 . From the 10th cycle onward, the Ni-LVO exhibited very stable performance; nearly 100% capacity retention was obtained after 800 cycles. For Ni-LVO, the increase in capacity during cycling was also commonly observed for metal oxides and may be attributed to the improved lithium diffusion kinetics by the gradual activation process and reversible reaction between materials and electrolytes. [36] [37] [38] For the LVO electrode, the discharge capacity decreased to 47% compared with the initial value. The coulombic efficiency of both LVO and Ni-LVO electrodes remained constant close to 100%. Thus, nickel doping not only facilitates the lithium ion transport on the Ni-LVO sample but also has a positive effect on the structural stability during cycling at high current density.
Superior lithium ion storage and long-term durability of the Ni-LVO as an anode in lithium-ion batteries can be derived from nickel doping. First, nickel doping increases the surface energy of Ni-LVO, which facilitates electrolyte transport at the intercalation/ extraction on the surface. Second, the greater amorphousness, defect-like oxygen vacancies and local lattice distortion induced by low-valence nickel doping result in the formation of nucleation centers for phase transformation and reduce the interaction between cations and anions during the lithium intercalation/extraction processes. 12 CONCLUSIONS Nickel-doped LVO nanocrystallites synthesized at room temperature were demonstrated to possess more amorphousness, V 4+ and oxygen vacancies, which in turn led to a small overpotential and fast reaction kinetics. Surface energy determined by inverse gas chromatography revealed that Ni-LVO possesses high surface energy that facilitates the intercalation reaction at the interface with the electrolyte. As an anode material, Ni-LVO exhibits excellent lithium-ion storage properties with capacities of 650 mAh g − 1 at 50 mAh g 1 , 338 mAh g − 1 at 1 A g − 1 and 191 mAh g − 1 even at 4 A g − 1 . After 800 cycles at 1 A g − 1 , the Ni-LVO maintains nearly 100% of the initial reversible capacity.
